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Any adequate theoretical explanation of color vision and its related 
effects involves  a  consideration  of  how  the  single  visual  sense  cell 
responds to different wave lengths of light.  Up to the present time 
this has been a matter of inference and hypothesis, and no direct infor- 
mation has been available concerning the response of the single sense 
cell to light from different parts of the spectrum.  In an earlier paper 
(Hartline and Graham,  1932) we have described a  method for observ- 
ing nerve impulses in single fibers of the optic nerve of Limulus polyphe- 
mus in response to  stimulation  of  the attached  sense cells  by light. 
The present paper is concerned with a  discussion of the effect of wave 
length of the stimulating light upon this response. 
Method and Apparatus 
The method for obtaining records of action potentials in the single optic nerve 
fibers is as follows: The lateral eye of an adult Limulus is excised with a centimeter 
or so of optic nerve and mounted in a  moist chamber.  With  the aid of glass 
needles the nerve is frayed out into small bundles and the amplified action poten- 
tials in such bundles are recorded by means of an oscillograph.  In several trials, 
splitting the bundles into still finer strands if necessary, one can obtain the response 
typical of a single active fiber, and locate in the eye the ommatidlum which con- 
rains the corresponding  receptor unit.  Records from such a preparation provide 
the data for this report.  Details of the method, the arrangement for the stimu- 
lating light) and the devices for controlling  its constancy and the duration of its 
* Department of Psychology, Clark University. 
t A part of the expenses of this investigation was met by a Grant-in-Aid from 
the National Research Council to one of us. 
1 The pointolite lamp used in the previous studies has been replaced in  these 
experiments by a tungsten filament lamp (photocell exciter lamp used in talking 
pictures) working at a 20 per cent overvoltage. 
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exposure have been described in a  recent paper by one of us  (Hartline, 1934). 
In the present experiments a condition of complete dark adaptation is maintained 
and the temperature is controlled to within :k0.2°C. 
To obtain spectral lights of different wave lengths and known energy content 
we have employed Wratten monochromatic filters (Nos.  70 to 76) in conjunction 
with Wratten neutral tint filters and a liquid filter of 1 per cent CuCI~ (31 mm. in 
thickness) to  remove the near infrared  (cf.  Hecht,  1928).  While the Wratten 
filters do  not yield strictly monochromatic light  their transmission bands are 
narrow enough for the present purpose, and they have been used by other workers 
for a similar purpose (Hecht, 1928; Grundfest, 1932 b; Crozier, 1924).  The trans- 
mission spectrum of each filter was corrected for the transmission of the CuCh 
solution and the central wave length of this band was determined for each filter 
by the method described by Hecht (1928). 2  A direct calibration of the relative 
TABLE  I 
Relative energies of spectral lights supplied by seven Wratten monochromatic 
filters.  The light source is a tungsteu filament.  A filter consisting of 31 ram. of a 
1 per cent aqueous solution of CuCl~ is used to remove the near infrared. 
Filter No.  Central wave length  Relative energy 
70 
71A 
72 
73 
74 
75 
76 
ra# 
690 
640 
610 
575 
530 
490 
440 
1.72 
1.36 
0.96 
1.01 
1.00 
0.74 
0.67 
energy of the light provided by each filter was obtained by means of a thermopile 
and a  galvanometer, the thermopile being in the position of the eye.  Table I 
gives the results of these calibrations.  In it are entered the central wave length 
and the relative energy of the light supplied to the eye when the various filters 
are used.  The energy with filter 74 has been arbitrarily assigned a value of unity. 
Wratten neutral tint filters were employed to vary the intensity of the stimu- 
lating lights.  Photometric determinations of these filters have been made several 
times during the course of the work and their values found to be constant within 
3 per cent.  Moreover, they have been checked directly by means of the thermo- 
pile.  Under these  conditions their  densities with  each  of  the  monochromatic 
We have neglected the correction due to the emission spectrum of the tungsten 
filament of the light source.  This will slightly affect  the  value of the  central 
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filters were found to be the same and within 5 per cent of the rating given by the 
manufacturers.  Both the monochromatic  filters and the neutral tint filters trans- 
mit a large amount of the near infrared.  This  does not affect the Limulus eye, 
but, of course, it is measured by the thermopile and galvanometer.  It is for this 
reason that the CuCI~ filter has been used in all the experiments reported in this 
study. 
RESULTS 
The response of the single receptor cell in the eye of Limulus,  in 
terms of impulses discharged in its attached nerve fiber, has been de- 
scribed  in  two  previous  publications  (Hartline  and  Graham,  1932; 
Hartline,  1934).  When stimulating lights of different wave lengths 
but of approximately equal energy content are used it is found that 
the response to green light is stronger than the response to either red 
or violet; i.e.,  the latent period is shorter,  the initial and maximum 
frequency is higher and, for short flashes, the total number of impulses 
is larger; with prolonged exposure the final level of frequency is higher. 
These  are  all  characteristic of higher intensity of  stimulation,  and 
hence it should be possible to make up for the lower level of response in 
the red and violet by supplying more energy at these wave lengths. 
This has been done as shown in Fig. 1.  In this figure the intensities 
for the different wave lengths have been so adjusted that the responses 
are  approximately equal.  The  first  column gives the  central wave 
length of the stimulating light, the second column gives the relative 
energy content of the light (referred to filter 74 as unity), and the right 
hand column contains records of the responses to a  short  flash (0.04 
second) of each of these lights.  The  response consists of a  burst of 
seven impulses (plus or minus one) and it is seen that the latent periods 
and frequencies are  approximately the same.  It is clear that when 
the intensities are properly adjusted there is no effect of wave length 
per .,:e. 
To  test  this point  more  carefully we  have  chosen  three  spectral 
lights in the red, green, and violet portions of the spectrum and we have 
taken pains  to  adjust  their  intensities to  yield responses  as  nearly 
identical as possible.  The close adjustment of intensity was obtained 
by varying the  current  through  the  tungsten filament of  the  light 
source and the energy values were obtained by direct calibration with F~o.  1 
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the  thermopile.  The  responses  for the  three  different colors  agree 
with each other impulse for impulse as closely as the reproducibility 
of the results will allow.  The experimental findings are summarized 
in Table II.  In this  table  the  duration of the  exposure,  the  cen- 
tral wave length, and the  relative energy are given in the three left 
hand  columns.  In  the  upper  part  of  this  table  are  given  results 
obtained with a  flash of 0.04  second duration.  The features of re- 
sponse measured are latent period, initial frequency (impulses 1 to 3), 
maximum frequency, and total number of impulses in the initial burst. 
The lower part of the table summarizes results obtained with prolonged 
illumination.  In it are entered measurements of latent period, initial 
frequency, maximum frequency, the level of frequency reached after 3 
seconds, and the time of the fiftieth impulse.  The experiments with 
the short flash were performed at two different levels of intensity, one 
level having one hundred times the energy value of the other. 
It may be seen that the responses to the three wave lengths whose 
energies have been properly adjusted are in close agreement, and that 
this agreement is maintained regardless of the energy level or duration 
of  the  illumination.  The  agreement between  the  responses  to  the 
three wave lengths is as close as could be obtained at any one  wave 
length with a repetition of the same stimulus.  To show the marked 
effect of intensity upon these features of the response we have added 
in Table II a  a  summary of results obtained in the same experiment 
with one wave length (filter 74) at different intensities.  Reference to 
Table II a shows within what small limits of intensity we have suc- 
ceeded in matching the responses in Table II. 
Table II shows that the responses to different wave lengths may be 
equated at two different levels of the response and that the relative 
energies of the different wave lengths are in the same ratios regardless 
of the level of the response.  Thus, in Table II  the energies of the 
FIG. 1.  Oscillographic  records of the impulse discharge in a single optic nerve 
fiber in response to stimulation of the eye by lights of different wave lengths. 
The wave lengths are given in the first column.  The intensities have been ad- 
justed to give approximately equal responses and their values are given in the 
second column.  In each record the lower line marks time in fifths of seconds.  In 
the line above this appears the signal indicating the time during which the eye is 
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TABLE  II 
Comparison  of matched responses to lights of different wave lengths, together 
with  the  relative  energies  necessary  to  produce  them.  The  comparison  with 
short  flashes  (0.04  sec.)  at  two levels of intensity  (2.0 log units apart)  and with 
prolonged  illumination.  The energy of the green light  (filter no.  74)  of highest 
intensity is assigned a  value of unity. 
Central 
Exposure  wave 
length  __ 
640 
530 
44O 
0.04 
640 
530 
440 
640 
530 
440 
Loga- 
rithm 
elative 
mergy 
:,ogle I 
i .64 
2.00 
2.64 
1.64 
0.00 
0.64 
i.64 
2.00 
2.64 
Latent 
period 
see. 
0.329 
0,325 
0,356 
0.121 
0,112 
O. 123 
O. 246 
O. 238 
0,251 
Initial 
frequency 
per sec. 
39 
39 
38 
78 
78 
79 
4,3 
Maximum 
frequency 
per see. 
39 
39 
38 
98 
97 
96 
65 
64 
63 
Number 
of 
impulses 
(first 
burst) 
7 
7 
7 
29 
30 
29 
Fre  ~ 
quency 
at 3 sec. 
per See. 
14.7 
14.7 
14.6 
Time 
of fiftieth 
impulse 
$eC. 
2.08 
2.42 
2.52 
TABLE  116 
Data from the same experiment as Table II, showing the effect of intensity of 
light of a given wave length (filter no. 74) on the various features of the response. 
Exposure 
0.04 
Central 
wave 
length 
m# 
530 
530 
Loga- 
rithm 
relative 
energy 
Log10 [ 
3.60 
2.00 
2.30 
i. 60 
0.00 
0.30 
Z,. 60 
2.00 
2.30 
Latent 
period 
$e6. 
0.409 
0.323 
0.267 
0.134 
O. 109 
O. 094 
O. 262 
O. 238 
O. 198 
Initial 
frequency 
peg SeC. 
27 
42 
56 
73 
78 
87 
35 
47 
57 
Maximum 
frequency 
p~$ec. 
27 
42 
56 
88 
100 
106 
58 
64 
74 
Number 
of 
impulses 
(first 
burst) 
24 
31 
38 
Fre- 
quency 
at 3 sec. 
per sec. 
11.4 
14.7 
17,3 
Time 
of fiftieth 
impulse 
se¢. 
3.40 
2.42 
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brighter flashes are all 100 times (2 log units) greater than the energies 
of the less bright flashes at the corresponding wave lengths; but it is to 
be noted that the responses which are matched  at one level are still 
matched at the other level.  Obviously, no Purkinje effect is exhibited 
by the single visual sense cell of Limulus.  This is in agreement with 
all our findings in thirteen other experiments over even greater ranges 
of intensity; the curves relating magnitude of response to log intensity 
of stimulus are parallel for all wave lengths.  These experiments show 
that within the limits of the reproducibility of results there is no specific 
effect of wave length other than one of brightness. 
The relative energies of lights of different wave lengths required to 
produce the  same response yield the visibility  curve  for  the  single 
visual sense cell.  In accordance with established usage the reciprocal 
of the energy at a given wave length necessary to produce a constant 
response is defined as the visibility at that  wave length (Hecht and 
Williams, 1922).  Thus in Fig. 1 the reciprocals of the values of inten- 
sity in the second column are the visibility values of the light whose 
central wave length is given in  the first column  (approximate only, 
since the responses are not perfectly matched). 
We have obtained visibility curves for sixteen single sense cells in six 
animals.  In Fig. 2 is plotted the logarithm of the visibility against the 
different wave lengths from these different experiments.  The three sets 
of points are the values for each of three single sense cells; the curve is 
drawn through the average values of all sixteen experiments.  The de- 
tailed method for  obtaining visibility values  of  the  different wave 
lengths was as follows:  For each spectral light the combination of Wrat- 
ten neutral filters was selected which would give an approximate equal- 
ity of response.  These lights were presented in random order and rec- 
ords of the responses obtained.  Short flashes were used (0.04 second). 
The green filter (No. 74) was chosen as a control stimulus and repeated 
more frequently than any of the others.  The effect of intensity at a 
given wave length, i.e.  green, was also obtained over  a  range  which 
would  embrace  the  range  of  response  inequality.  (Ordinarily  an 
intensity  series  covering a  range of  1  log unit  is  sufficient for  this 
purpose.)  Some convenient feature of the response was chosen (e.g., 
latent period, frequency of first 5 impulses, etc.)  and this feature was 
measured  for  all  the  responses.  That  portion  of  the  experiment 924  RESPONSE OF SINGLE VISUAL SENSE CELLS TO LIGHT 
showing  least  variation  in  the  control  response  was  chosen  and  the 
responses to each wave length were averaged.  These values are only 
approximately matched.  To  obtain  the  visibility  it  is  necessary  to 
>- 
I- 
/ 
rn 
0O 
> 
o 
0 
0 
J 
m 
40O 
jr°  
O 
500  600  700 
WAVE  LENGTH  -  l"rllJL 
FIG.  2.  The logarithms of the  visibility for single  visual sense ceils  plotted 
against wave length.  The curve is drawn through the average values from six- 
teen experiments.  The points are values of the visibilities  for single sense cells. 
The circles and base-down triangles are the values for two ceils from the same eye. 
The base-up triangles are values for a sense cell from another eye.  The visibility 
of green light (k530 m~) is assigned a value of unity. 
know what energy of stimulus should have been used to give a  response 
which would be exactly matched for all wave lengths.  From the curve 
relating magnitude of response to intensity we determined the amount C.  H.  GRAHAM  AND  I-I.  K.  HARTLINE  925 
of energy by which the actual stimulus should have been increased or 
decreased to equal exactly the average control response.  This is valid 
because the curves relating  response  and logarithm  of energy for all 
wave lengths  are  parallel  as  has  been  shown.  We  thus  obtain  the 
exact energy at each wave length necessary to produce a given constant 
response.  The value for the green is arbitrarily  assigned  a  value of 
unity,  and  the reciprocals of the relative  energies in  the other wave 
lengths yield the visibilities at these wave lengths in terms of a visibility 
of unity for green.  In the light of the previous discussion it is clear 
that  it  makes  no  difference  to  the  final  result  what  feature  of  the 
response or what level of intensity is chosen for the calculation.  In- 
deed, in  some experiments  a  whole intensity  curve was obtained  for 
each  wave  length.  As  has  been  stated  above,  these  curves,  on  a 
logarithmic  scale,  are parallel  for all  wave lengths,  and  the  amount 
that each is displaced from the green gives the logarithm of the visibil- 
ity (Hecht, 1928; Chaffee and Hampson, 1924). 
In Fig. 2 it is seen that the visibility curves for different experiments 
do not agree at their extremes.  This is not surprising when different 
animals  are  used,  but  in  Fig.  2  two of the  sets  of points  are  from 
different  cells  in  the  same  animal,  and  their  lack  of  agreement  is 
greater  than  the  limits of error.  This indicates that light of a given 
wave length does not have exactly the same visibility in all of the sense 
cells in the eye  of  Limulus.  We  have  performed  nine  experiments 
which  agree  in  indicating  a  true  differential  sensitivity  for  wave 
length  among receptor cells in the same eye. 
There  are  two  methods  for  testing  this  differential  sensitivity. 
Instead of dissecting the nerve bundle until it contains a single active 
fiber we choose a  strand in which there are several active fibers.  In 
the first method an  analysis of the relative effects of wave lengths in 
different receptor cells depends upon the fact that the impulses in the 
different nerve fibers can be identified by their characteristics of form 
and  magnitude.  The  whole region  supplied  by  the  active  fibers is 
illuminated  by lights  of different  wave lengths  whose energies have 
been  adjusted  to  give  approximately  matched  responses.  In  effect 
this amounts to performing several experiments simultaneously upon 
sense  cells  located  close  together  under  conditions  which  are  pre- 
sumably identical.  Records from such an experiment are reproduced 
in  Fig.  3. 926  RESPONSE  OF  SINGLE  VISUAL  SENSE  CELLS  TO  LIGHT 
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In this experiment there are two active fibers whose impulses are 
readily identifiable by their size and form.  The intensities have been 
so adjusted that the response in the fiber giving the large impulses is 
constant for all wave lengths.  It is seen that these intensities do not 
constitute a  match for the fiber giving the small impulses,  but that 
this fiber gives a stronger response with the red light.  In passing to 
the  green and  violet it  is  seen that  the latent period progressively 
increases and the number of impulses decreases.  The visibility for this 
sense cell, then, must be lower in the violet and higher in the red than 
the visibility for the cell giving the larger impulses. 
With this method high intensity responses are unobtainable since 
the illumination must be spread over a considerable area.  Threshold 
TABLE  III 
Negative logarithms of relative visibilities in the red and violet (basis of visi- 
bility of X 530 mu equal to unity) for four different sense cells in the same eye. 
Sense cell No.  X  640 m~  ), 440 m~ 
I* 
II 
III 
IV 
.75 
1.67 
1.89 
1.98 
0.55 
0.48 
0.43 
0.37 
0.81 
* The two  values for this sense cell are repetitions at  the beginning and end 
of the experiment. 
responses are apt to be quite variable and the impulse discharge (as 
shown in Fig.  3)  is irregular.  Moreover, the records are analyzable 
only provided they contain few active fibers.  For these reasons we 
have  employed a  second method.  This  method depends upon  the 
fact that the active fibers in a small bundle from the optic nerve fre- 
quently come from sense cells located in different ommatidia.  It is 
possible  to  locate  these ommatidia and  illuminate  them  separately 
with a small intense spot of light (Hartline and Graham, 1932).  By 
means of an improved micrometer manipulator (constructed by Mr. 
A. J.  Rawson of this Foundation) similar to the one described in an 
earlier paper (Hartline and Graham, 1932) it has been possible for us to 
examine as many as six separate sense cells in the same eye in rapid 928  RESPONSE  OF  SINGLE  VISUAL  SENSE  CELLS  TO  LIGHT 
succession.  In one experiment done by this method we obtained the 
entire visibility curve for each of four fibers.  The visibilities for two 
of these fibers  (Nos.  I  and IV)  are plotted in Fig.  2  (triangles with 
base down and circles).  The logarithms of the visibilities for all of 
the fibers of the red and violet are given in Table III.  It is seen that 
the sense cells were not equally sensitive to the different wave lengths. 
The visibility values in this experiment were reproducible within 0.1 
log unit and  the level of stimulation was high  (initial  frequency of 
impulses, 50 to 60 per second.)  so that there can be no question as to 
threshold variability.  We have performed four experiments by this 
method (eighteen fibers) and five by the first method (twelve fibers). 
These experiments all agree in showing that, while many fibers have 
visibilities which agree closely with each other in both the red and the 
violet, there is a large percentage of cases (ca. 50 per cent) in which the 
visibilities  for  different fibers  differ from  each other  by  significant 
amounts.  The differences are frequently 0.3 or 0.4 log unit, and go as 
high as 0.6 log unit.  The reproducibility of results is usually within 
0.15 log unit; it is always closer than 0.2 log unit. 
DISCUSSION 
The present finding, that the wave length of the stimulating light 
has no specific effect in the stimulation of the single visual sense cell 
other than one of brightness is in keeping with the current conceptions 
of visual  physiology.  Phenomena such  as  the  Purkinje  effect and 
specific effects of wave length  per  se,  e.g.,  perception  of  color,  are 
commonly ascribed to the activity of populations of sense cells.  Never- 
theless we believe that it is of value to be able to present direct evidence 
for the correctness of these views, even though the findings are for a 
comparatively primitive eye.  In spite  of the fact that  the spectral 
lights used are not strictly monochromatic, we believe that the present 
experiments do give at least an approximate idea of the shape of the 
visibility curves for single receptor cells.  It is to be noted that there 
are no striking differences between the curves of the individual sense 
cells such as might be lost when the visibility curve of a large group is 
determined.  These  findings indicate  that  each  visual  sense  cell is 
sensitive to practically the entire range of wave lengths to which the 
whole eye can respond. C.  H.  GRAHAM  AND  It.  K.  I~ARTLINE  929 
It is of interest to compare the visibility curve for the Limulus  eye 
with that of the human eye.  This is done in Fig. 4 where the data of 
Hecht and Williams  (1922)  for the dim vision of the human  subject 
can be compared with the averaged data of the present experiments. 
As shown by this figure the visibility curve of the Limulus  eye is a 
simple curve with a maximum at about X520m#, falling symmetrically 
PER 
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Fro. 4.  Average visibility curve for the Limulus eye (points and solid curve) 
compared with the human dim vision visibility curve (dashed line) after Hecht 
and  Williams (1922).  The  visibilities are  expressed on the basis of maximum 
visibility equals unity. 
on  either  side  to  low values in  the  red  and  violet.  The  similarity 
between the human curve and that for Limulus is striking.  Following 
the interpretation  of visibility curves given by Hecht  and  Williams 
(1922)  (cf. also Grundfest, 1932 a) we may say that the stimulation of 
the  single  visual  sense  cell  by  light  depends  upon  the  absorption 
spectrum of the primary photosensitive substance. 
It has been seen that while the visibility curves for single sense cells 930  RESPONSE  OF  SINGLE  VISUAL  SENSE  CELLS  TO  LIGHT 
in the same eye are approximately similar they do differ by significant 
amounts.  It is true that many of the visibility values fall close to the 
average,  but  a  good  number  deviate  appreciably.  In  view  of  the 
evidence we do not believe that  this can be ascribed to experimental 
error and feel that it represents a  true differential sensitivity to wave 
length  among  the  sense  cells of the  eye.  In  view of  the  primitive 
nature of the Limulus eye this finding is somewhat surprising, for it is, 
of course, precis~ely such a mechanism as is postulated to explain color 
vision in the higher animals (cf. Hecht, 1930).  While any single sense 
cell  cannot  distinguish  wave length  differences  it  is  clear  that,  for 
example,  the two sense cells whose responses are given in Fig.  2 can 
together distinguish  violet from red,  and  the presence of differential 
sensitivity  to  wave length  in  the  Limulus  eye may be considered  a 
possible peripheral mechanism for color discrimination.  Whether the 
animal possesses the adequate central and motor equipment to make 
use of this mechanism is not known. 
The present data do not allow us to discuss in detail the types of 
variation  in  the  visibility  curves.  Apparently,  however,  the  varia- 
tions are not confined to any particular portion of the range of wave 
lengths but are to be observed over the entire curve.  Moreover, the 
different curves cannot be obtained from a  single curve by a  shift in 
the position of the maximum.  We have been unable  to distinguish 
any tendency on the part of the curves to fall into groups within which 
the visibility curves are identical or even nearly so.  As to the causes 
which might  underlie  the  differences in  the  visibility  curves of the 
various sense cells: whether,  for example,  they are due to overlying 
pigment or to slight differences in the photosensitive substance itself, 
we are not in a position to speculate. 
SUMMARY 
The effect of various wave lengths of visible light in the stimulation 
of single visual sense cells has been studied by means of the single fiber 
preparation  from  the  eye of  Limulus.  Oscillographic  records  were 
made of the impulse discharge in a single optic nerve fiber in response 
to  stimulation  of the attached  sense cell by lights  of different  wave 
lengths.  Wratten  monochromatic  filters  supplied  the  means  for C.  H.  GRAI-IA•  AND  H.  K.  HARTLINE  931 
obtaining the different spectral lights; the total intensity supplied to 
the eye being determined by a thermopile and galvanometer. 
With lights of approximately equal  energy content the  strongest 
response occurs to the green region of the spectrum.  The response, 
however, does not vary qualitatively with wave length.  By the proper 
adjustment of intensity, responses can be obtained which are identical, 
impulse for impulse~ for all the spectral lights used.  Moreover the 
ratios  of  the  intensities  for  the  various  wave lengths  necessary to 
produce a  constant response do not vary with the intensity level of 
the stimulating lights; there is no Purkinje effect.  The single visual 
sense cell can gauge brightness but  cannot distinguish wave length. 
The reciprocals of the intensities necessary to produce a  constant 
response when plotted against wave length give the visibility curve 
for the single sense cell.  This curve is symmetrical about a maximum 
at k520m#, falling off to low values in the red and violet.  It closely 
resembles the visibility curve for human rod vision. 
Bundles from the optic nerve containing several active fibers whose 
impulses can be distinguished by differences in form and magnitude or 
whose attached sense cells can be located and illuminated independ- 
ently were used to determine whether there is  any differential sen- 
sitivity among sense cells in the same eye for different regions of the 
spectrum.  Such a  differential sensitivity has been found to exist in 
the eye of Limulus and may be considered a peripheral mechanism of 
color vision. 
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